Tumour necrosis factor-␣ (TNF) plays a central role in the recruitment and activation of mononuclear cells in mycobacterial infection. In the absence of type 1 TNF receptor, Mycobacterium bovis Bacillus Calmette-Gué rin (BCG) infection of mice is not contained, leading to fatal disease. Because type 1 TNF receptor binds both TNF and lymphotoxin-␣, we used TNF-deficient mice to determine the specific role of TNF in the host resistance to BCG infection. The bacterial burden of the lungs of TNF-deficient mice was substantially increased and the mice succumbed to pneumonia between 8 and 12 weeks with a defective granuloma response. Atypical granulomas developed by 4 weeks expressing low levels of MHC class II, intracellular adhesion molecule (ICAM-1), CD11b and CD11c. Macrophages showed little signs of activation and had low levels of acid phosphatase activity and inducible nitric oxide synthase (INOS) expression. Despite the defective cellular recruitment, the chemokines, monocyte chemoattractant protein-1 (MCP-1) and macrophage inflammatory protein-1 (MIP-1␣), were increased in broncho-alveolar lavage fluid of TNF-deficient mice. The defective host response was corrected by the transplantation of normal bone marrow cells into irradiated TNF-deficient mice. These results demonstrate that TNF derived from hemopoietic cells rather than from mesenchymal origin are essential for a normal host response to BCG infection. Furthermore, TNF dependent expression of adhesion molecules may be essential for the recruitment of mononuclear cells for the formation of bactericidal BCG granulomas. (Lab Invest 2000, 80:901-914).
P
rotective immunity to M. tuberculosis infection, both in humans and experimental animals, is regulated by cytokines, which include IFN␥ and tumour necrosis factor-␣ (TNF). IFN␥ derived from T and NK cells has been shown to be essential, as mice with a disruption of the IFN␥ system are unable to restrict the growth of M. tuberculosis and succumb to the infection (Cooper et al, 1993 (Cooper et al, , 1997 Flynn et al, 1995; Kamijo et al, 1993a; 1993b) . In humans, deficiencies of IFN␥ receptor (De Jong et al, 1998) and IL-12 receptor are associated with a predisposition to mycobacterial infections. TNF was shown to be induced in human and experimental tuberculosis (Bloom, 1994) . The role of TNF in mycobacterial defence is inferred from neutralization and deletion experiments in mice (Flynn, et al, 1995; Senaldi et al, 1996) . Neutralization of TNF with rabbit anti-TNF was shown to prevent the formation of bactericidal granulomas in BCG infected mice (Kindler et al, 1989) . However, it is not clear whether these experiments distinguished between the effects of TNF and lymphotoxin-␣ (LT), since the specificity of the polyclonal serum for TNF versus LT has not been documented. Experiments in which either soluble TNF-receptor 1 (sTNF-R1) or TNF-R1-deficient mice were used (Flynn, et al, 1995; Senaldi, et al, 1996) indicated that TNF, LT, or a synergistic action of both, influenced granuloma formation in response to BCG, because TNF-R1 conveyed signals from both ligands. Therefore, these previous data do not allow the distinction between the roles of TNF and LT in host resistance against mycobacterial infection.
TNF/LT double-deficient mice display a complete disruption of the TNF system, with no signaling through the TNFR-1, TNFR-2, and the LT␤-R . Using these mice, we demonstrated that absence of both the TNF and LT ligand leads to fatal BCG infection (in press). However, investigations in TNF/LT double-deficient and LT deficient mice are complicated by the fact that these mice have major developmental abnormalities of the peripheral immune system.
In this study, we investigated the specific role of TNF in containing an infection with M. bovis BCG (unlike M. tuberculosis, M. bovis is non-pathogenic in immuno-competent mice) by using TNF-deficient mice (Marino et al, 1997 ). Our data demonstrate that a disruption of the TNF gene impairs the formation of bactericidal granulomas in liver and lung, allowing the fatal spread of the BCG infection in TNF-deficient mice. Furthermore, correction of TNF-deficiency by bone marrow transplantation suggests that effector cells of hemopoietic origin are sufficient to confer TNF-dependent host resistance to M. bovis BCG infection.
Results

Mice Deficient for TNF-R1 or TNF Succumb to BCG Infection
We compared the resistance to BCG of TNF-R1-deficient mice with the resistance to BCG of wild-type mice. Four weeks after infection, TNF-R1-deficient mice injected with 10 7 BCG bacilli developed only very small granulomas in the liver. These mice had an increased bacterial burden as compared with wildtype mice (data not shown) and they succumbed to infection as early as 5 weeks after infection, whereas all wild-type mice survived (Fig. 1) . These findings are in accordance with earlier experiments using either neutralizing antibodies or soluble TNF-R1 to block the TNF pathway (Flynn, et al, 1995; Kindler, et al, 1989; Senaldi, et al, 1996) .
As both TNF and LT signal through TNF-R1, we investigated whether host resistance is mediated by TNF alone by using TNF-deficient mice (Marino, et al, 1997) . Unlike the LT-deficient mice (Banks et al, 1995; De Togni et al, 1994) , TNF-deficient mice have no developmental abnormalities of the immune system. TNF-deficient mice were injected intravenously with 10 7 BCG bacilli. Mice died from pneumonia within 8 to 12 weeks after infection (Fig. 1) , whereas wild-type mice survived the 12-week experiment. The present data confirm that TNF signaling through TNF-R1 is indispensable in controlling a BCG infection.
Uncontrolled Bacterial Growth in the Lung of TNF-Deficient Mice
Since TNF-deficient mice succumb to infection, we examined the extent that TNF was required to control the growth of BCG in different tissues. Wild-type and TNF-deficient mice were infected with 10 6 BCG bacilli intravenously and the number of colony-forming units (cfu) per organ was assessed over 8 weeks. Both wild-type and TNF-deficient mice showed a comparable increase in cfu counts in all organs analyzed up to 14 days after infection (Fig. 2a) . However, 28 days after infection, wild-type mice controlled the infection, as demonstrated by a rapid decrease of cfu counts in liver and spleen, while the lungs showed some delay in eliminating the mycobacteria. In the absence of TNF, the clearance of mycobacteria was significantly delayed in liver and spleen ( p Ͻ 0.05). Furthermore, mycobacterial growth was not controlled in the lungs of TNF-deficient mice ( p Ͻ 0.01) as evident by the dramatic increase in the BCG cfu counts at day 56. This data confirms that TNF is essential for the control of mycobacterial growth, especially in the lung.
LT Signaling Through TNF-R1 May Contribute to Mycobacterial Clearance
The higher mortality rate of TNF-R1-deficient mice compared to TNF-deficient mice indicates that LT signaling through TNF-R1 may play a role in mycobacterial clearance. We examined this by comparing the mycobacterial loads in the lungs and spleens of TNF-deficient mice with the lungs and spleen of TNF/LT double-deficient mice after infection with 10 6 BCG bacilli (Fig. 2b) . We found significant differences in the mycobacterial loads of the lungs ( p Ͻ 0.05) 28 days after infection, and in the spleens ( p Ͻ 0.01) 56 days after infection. These differences may indicate that the inability of the TNF-deficient mice to clear a BCG infection is further exacerbated by the absence of LT signaling through TNF-R1.
Delayed Granuloma Formation in TNF-Deficient Mice
It has been established that granulomas are crucial for mycobacterial clearance. Because TNF-deficient mice cannot efficiently clear BCG bacilli, we investigated the role of TNF in granuloma formation. We analyzed microscopic sections of liver and lungs from wild-type and TNF-deficient mice at 2, 4, and 8 weeks after BCG infection (10 6 BCG bacilli injected intravenously). Typical granulomas were evident in the liver of wild-type mice 2 weeks after infection. These granulomas increased in size by 4 weeks and were comprised of activated macrophages resembling epitheloid cells and a darker lymphoid mantle zone. Eight weeks after infection, the granulomas became smaller and less abundant, indicating control of infection (Fig. 3a) . In contrast, TNF-deficient mice developed small clusters of mononuclear cells 2 weeks after infection, whereas immature granulomas were detectable 4 weeks after infection. The mycobacterial loads in tissues were further assessed by Ziehl Neelsen staining for acid fast bacilli (AFB). Eight weeks after infection, the number of AFB in granulomas of wild-type livers were few (averaging approximately 1 to 3 AFB per granuloma), while more than 10 AFB per granuloma were present in liver Survival of TNF-deficient and TNF-R1-deficient mice infected with M. bovis BCG. TNF-deficient (o), TNF-R1 deficient mice (⌬) and wild-type mice (F) were infected intravenously with 10 7 BCG bacilli, and their survival monitored for 8 weeks. Each group contained 10 mice.
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sections from TNF-deficient mice (Fig. 3b) . The number of hepatic granulomas were assessed at 2, 4, and 8 weeks after infection (Fig. 4) . Wild-type mice had maximum granuloma formation 2 weeks after infection, with a decline over the 8-week period. TNFdeficient mice displayed significant delays in granuloma formation and never reached wild-type levels.
In view of the dramatic increase in the mycobacterial load in the lung of TNF-deficient mice, the cellmediated response in the lungs was of particular interest. Wild-type mice displayed well-defined granulomas with noninfiltrated alveolar spaces at 8 weeks after infection. TNF-deficient mice had abundant mononuclear and polynuclear cell infiltrations obliterating most of the alveolar space and no defined granulomas (Fig. 5) .
The disparity between wild type and TNF-deficient mice in their ability to control mycobacterial growth was further demonstrated by the detection of AFB in the lung. Few AFB were observed in well-defined granulomas in wild-type mice, uncontrolled growth of BCG was observed in the lungs of TNF-deficient mice (Fig. 5 ).
Cellular Composition of Granulomas
We investigated the cellular composition of the granulomas and asked whether the inflammatory response in the liver and lungs of BCG-infected wild-type and TNF-deficient mice was qualitatively comparable. Two weeks after intravenous infection with 10 6 BCG bacilli, distinct granulomas in the liver of wild-type mice contained CD3-positive T cells and F4/80 ϩ macrophages expressing MHC class II and ICAM-1 (not shown). The granulomas increased in size during the next 2 weeks, with typical epitheloid cell differentiation, strong F4/80 and MHC class II expression, and CD3-positive T cells in the periphery (Fig. 6a) . Both CD4 and CD8 T cells were found in granulomas (not shown). Furthermore, there was a high expression of the adhesion molecules ICAM-1, CD11b and CD11c (Fig. 6b) . By contrast, in TNF-deficient mice, a diffuse mononuclear cell infiltration of F4/80-positive cells predominated in the liver, with an insignificant granu- Representative hepatic granulomas from M. bovis BCG-infected wild-type and TNF-deficient mice. Mice were sacrificed 2, 4, and 8 weeks after infection and sections were stained with a: hematoxylin and eosin (ϫ400) or b: Ziehl Neelsen (ϫ1000) 4 weeks after infection to detect AFB. lomatous reaction, low expression of MHC class II, and few T cells (Fig. 6a) . The expression of ICAM-1 and CD11b was reduced, and CD11c expression was absent (Fig. 6b) . This may reflect defective adhesive and phagocytic properties of the cells recruited to the infectious site. The expression of CD40 did not differ in the two groups (not shown).
The activation of the macrophages was clearly arrested in the absence of TNF. The intensity of F4/80 immunoreactivity was reduced, indicating low levels of macrophage differentiation (Gordon et al, 1992) . Four weeks after infection, acid phosphatase (AP) activity and iNOS immunoreactivity in the liver were lower than levels in livers from wild-type control mice (Fig. 7a) . AP activity (Fig. 7b) was quantified in splenic homogenate by enzyme assay and was significantly lower in TNFdeficient mice when compared with splenic homogenates from wild-type control mice ( p Ͻ 0.05).
Chemokine Production
In view of the poor recruitment of inflammatory cells to sites of infection, we investigated whether chemokine production was reduced. We compared the chemokine levels in the broncho-alveolar lavage (BALF) of wild-type mice and TNF-deficient mice at 28 and 56 days after infection (Fig. 8) . Because the chemokines MCP-1 and MIP-1␣ were previously shown to mediate cellular recruitment, they were chosen for examination. We found no significant difference in MCP-1 levels in BALF of wild type and TNF-deficient mice 28 days after infection. However, 56 days after infection, MCP-1 levels were significantly higher in TNFdeficient mice when compared with wild-type mice ( p Ͻ 0.05). We measured the production of MIP-1␣ in BALF of TNF-deficient mice but were unable to detect this chemokine in BALF of wild-type mice under our assay conditions. This suggests that MCP-1 and MIP-1␣ are produced independently from TNF and that the lack of inflammatory cells recruited to the sites of infection is a consequence of a reduced adhesion molecule expression rather than a chemokine deficiency.
TNF-Deficient Mice Reconstituted with Wild-Type Bone Marrow
To examine whether the impaired response of TNFdeficient mice to a BCG infection could be rectified by hemopoietic-derived TNF alone, we reconstituted irradiated TNF-deficient mice with wild-type bone marrow cells (TNF-WTBM) or TNF-deficient bone marrow cells (TNF-TNFBM). Wild-type mice were also reconstituted with wild-type bone marrow as a control (WT-WTBM). Four months after reconstitution, the mice were intravenously infected with 10 7 BCG bacilli, and the bacterial load was assessed in liver, spleen, and lungs after 4 weeks. We previously demonstrated that wild-type bone marrow transplantation restored the release of TNF after lipopolysaccharide (LPS) injection of TNF/LT double-deficient mice . The data presented here demonstrate that TNF-WTBM mice were able to control mycobacterial growth to a similar extent as the wild-type controls (Fig. 9) . The ability of the TNF-WTBM mice to control mycobacterial growth was further reflected in the restoration of the granulomatous response (Fig. 10) . TNF-WTBM mice survived the 3-month experiment, as did their wild-type littermates (not shown). Therefore, hematopoietic precursor cells are sufficient to restore resistance to mycobacterial infection.
Discussion
The data demonstrate that TNF is essential for the initial recruitment of mononuclear cells and subsequent formation of effective bactericidal granulomas in the early stages of an M. bovis BCG infection. The failure to express TNF retards the granulomatous response, resulting in a fatal pulmonary infection. TNF-R1-deficient and TNF-deficient mice succumb to M. bovis BCG infections, although the former seem more susceptible. This suggests that LT could play a protective role in the response to a BCG infection. We addressed this possibility by comparing the mycobacterial loads in the spleens and lungs of TNF-deficient and TNF/LT double-deficient mice after BCG infection. The higher susceptibility of TNF/LT doubledeficient mice suggests that LT signaling through TNF-R1 contributes to mycobacterial clearance. However, abnormal splenic development in TNF/LT double-deficient mice could not be excluded as a contributory factor to the higher mycobacterial load. Evidence supporting a role for LT-signaling in mycobacterial clearance shows that membrane LT␣1/␤2 signaling through LT␤R plays an important role in splenic granuloma formation, while the TNF receptor pathway is requisite in other tissues (Lucas et al, 1999) . The absolute requirement for TNF in the control of M. bovis BCG infection is in contrast to previously published data (Flynn, et al, 1995) . This difference could be ascribed to possible incomplete inhibition of TNF signaling by neutralizing antibodies, differences in infectious dose, strain differences of BCG, or differences in the genetic backgrounds of the mice.
The current data demonstrate that distinct differences exist between the pulmonary immune response and the hepatic and splenic immune responses. In the absence of TNF, mycobacterial growth in the liver and Lung sections from M. bovis BCG infected wild-type and TNF-deficient mice 8 weeks after infection. Typical granulomas are seen in wild-type mice, while in TNF-deficient mice a diffuse, mixed inflammatory cell infiltrate prevailed, which obliterated the alveolar space. A, hematoxylin and eosin (ϫ100), B, Ziehl Neelsen (ϫ1000).
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spleen is ultimately controlled, indicating TNF independent mechanisms, which were clearly absent in the lungs. As only a few T cells are detected in the immature granulomas of TNF-deficient mice, it is assumed that local IFN␥ expression is reduced in the tissues.
It has been established that IFN␥ is essential to contain mycobacterial infection. In humans, IFN␥ receptor deficiency leads to a predisposition to mycobacterial infections and impairs the formation of mature granuloma Jouanguy et al, 1996 Jouanguy et al, , 1997 . In mice deficient in IFN␥ signaling, granuloma formation is reduced Flynn et al, 1993; Kamijo, et al, 1993a; 1993b) . Because IFN␥ promotes TNF synthesis in murine macrophages (Beutler et al, 1986 ) and they act synergistically to induce microbiocidal activity and nitric oxide release in macrophages (Chan et al, 1992; Kamijo et al, 1993a; 1993b) , both IFN␥ and TNF are likely to be important in controlling mycobacterial infection and granuloma formation. We found reduced iNOS expression in hepatic and pulmonary granulomas of TNF-deficient mice compared with wild-type mice. In TNFR-1-deficient mice, Flynn et al demonstrated delayed iNOS expression in M. tuberculosis infected mice (Flynn, et al, 1995) . Similarly, nitric oxide production was reduced in TNF-deficient mice (not shown) as reported for IFN␥-deficient mice infected with mycobacteria Kamijo, et al, 1993a; 1993b) . The essential role of nitric oxide for host resistance has been elegantly demonstrated using nos2 deficient mice (MacMicking et al, 1997) . Therefore both IFN␥ and TNF are required to fully activate iNOS. A key role of iNOS is further demonstrated in mice recovered from mycobacterial infection, because iNOS activity causes reactivation of latent disease (Flynn et al, 1998) . Furthermore, infection could be reactivated by neutralization of TNF or IFN␥, which disrupt granulo-
Figure 6B.
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Defective granuloma formation has recently been confirmed after M. tuberculosis aerosol infection in TNF-deficient mice (unpublished data and Bean et al, 1999) . TNF-deficient mice succumb to M. tuberculosis infection within 4 to 5 weeks with pneumonia, despite normal recruitment of mononuclear cells into the lung, normal cytokine responses, and activation of macrophages (Bean, et al, 1999) . As residual granuloma like structures were ultimately formed in TNF-deficient mice, other factors may play a compensatory role in recruiting mononuclear cells to the site of infection. Alternative mechanisms of mononuclear cell recruitment in TNF-deficient mice might include IFN␥, IL-12, or LT; eg, through upregulation of adhesion molecules and induction of chemokines. We found increased Expression of acid phosphatase (AP) and iNOS in tissues of wild-type and TNF-deficient mice 4 weeks after infection with M. bovis BCG (10 6 bacilli, intravenous). A, AP enzymatic activity and iNOS immunoreactivity in frozen hepatic tissues of wild-type and TNF-deficient mice (ϫ400). B, AP enzymatic activity in splenic homogenates of wild-type (open bars) and TNF-deficient mice (closed bars), as described in Materials and Methods.
Correction of Mycobacterial Host Response in TNF-Deficient Mice
Laboratory Investigation • June 2000 • Volume 80 • Number 6 IL-12 serum levels which correlate with the increased bacterial load, indicating that TNF-deficient mice are able to produce IL-12. TNF serum levels were only detectable in the low pg/ml range in wild-type mice, and IFN␥ levels were undetectable.
The reduction of ICAM-1 expression in TNFdeficient mice may have functional significance because the formation of mycobactericidal granuloma was shown to be ICAM-1 dependent (Johnson et al, 1998) . ICAM-1-deficient mice were able to raise partial protective immunity in response to M. tuberculosis infection despite the absence of granulomas, but succumbed to chronic infection.
We show here, for the first time, reduced expression and/or recruitment of CD11b-positive cells. Furthermore, we demonstrate that the expression of CD11c, a ␤2 integrin, is upregulated in differentiated granulomas in wild-type mice. Interestingly, CD11c upregulation is strictly TNF-dependent. To our knowledge, upregulation of CD11b and CD11c has only been reported on peripheral blood leukocytes of patients affected with tuberculosis (Yassin and Hamblin, 1994) . Our data suggest that TNF is essential for the upregulation of CD11b and CD11c expression in response to a BCG infection. The implications of reduced ICAM-1 and CD11c expression in TNF-deficient mice may be impaired adherence to endothelium and recruitment of inflammatory cells. The reduced CD11b expression may further contribute to the poor recruitment of cells and impaired phagocytosis of mycobacteria (Coxon et al, 1996) .
There is experimental evidence demonstrating that chemokines are induced in mycobacterial infection . Using chemokine receptordeficient mice, signaling through chemokine receptor (CCR2) and CCR5 was shown to be essential for granulomatous tissue reactions (Boring et al, 1997; Kurihara et al, 1997; Zhou et al, 1998) . Our data provide evidence for TNF-independent production of both MCP-1 and MIP-1␣ in vivo. Previously, Lin et al showed that MCP-1 production can be stimulated in a human alveolar epithelial cell line in response to M. tuberculosis infection, independent of TNF (Lin et al, 1998 ) . Therefore, the inability of TNF-deficient mice to recruit cells to sites of infection and the subsequent bacterial clearance are not due to the reduction of MCP-1 or MIP-1␣. The dramatically increased chemokine response observed in the TNF-deficient mice might be a consequence of the frustrated attempt to recruit effector cells to control the expanding BCG infection. Lu et al have shown that MCP-1, the primary ligand for CCR2, had, however, no effect on the clearance of M. tuberculosis from the infected host (Lu et al, 1998) .
In conclusion, we demonstrated that TNF is essential for the expression of adhesion molecules such as CD11b, CD11c, and ICAM-1. The impaired recruitment and activation of phagocytes and T-cells resulted in a fatal infection with M. bovis BCG. Finally, the defective response to an M. bovis BCG infection in TNF-deficient mice could be corrected after transplantation with wild-type bone marrow. This data suggests that TNF produced by bone marrow-derived effector cells is sufficient to correct the defective mycobacterial response in these mice.
Materials and Methods
Animals
Adult, 8 to 10 week old female homozygous TNF-R1 -/-and TNF -/-mice on a C57BL/6 genetic background (Drs. M. Marino, Ludwig Institute, New York, and H. Bluethmann, Hoffmann-La Roche, Basel) (Marino, et al, 1997; Rothe et al, 1993) and wild-type C57BL/6 mice were kept under specific pathogen conditions. The genotypes of the mouse populations were confirmed by PCR analysis of tail biopsies.
Antibodies
The following rat anti-mouse monoclonal antibodies were used for immunohistochemical detection: ICAM-1 (clone YN1/1.7.4), F4/80 (clone HB0.198), d, q, M5/114.15 .2), MHC class I antigen (M1/42), CD3, CD4, CD8, CD11b, and CD11c (Pharmingen, San Diego, California). A rabbit polyclonal antibody to iNOS, obtained from Prof. J. Pfeilschifter, Frankfurt, Germany, was also used.
Experimental Design
Wild-type, TNF-R1-deficient, and TNF-deficient mice were each injected intravenously with infective doses of 10 6 and 10 7 BCG bacilli. Each group contained 16 mice and each experiment was repeated twice. At 1 day, 2 weeks, 4 weeks, and 8 weeks after infection, blood was taken by cardiac puncture and the mice were killed. The lung, liver, and spleen were weighed. The organs were either fixed in 4% buffered formalin or frozen on dry ice and maintained at Ϫ80°C. Five m-thick sections of the spleen, liver, and lungs were cut and stained for either hematoxylin and eosin or Ziehl Neelsen for AFB. Granulomas were quantified by counting in 100X high-power microscopic views. Clusters of more than 15 mononuclear cells forming a nodule were counted as a granuloma.
Immunohistochemistry
The frozen tissues (liver, spleen, and lungs) were cut at 6 m thickness on a cryostat and air-dried for storage at Ϫ80°C. Fixation in acetone (10 minutes at 4°C) was performed just before immunolabelling. After a rinse in PBS, the sections were incubated for 16 hours at 4°C with a primary antibody diluted in PBS. The sections were then washed in PBS and incubated for 30 minutes at room temperature with the rabbit antirat serum ABC system (Vector Laboratories, Burlingame, California), followed by DAB substrate. After rinses in PBS, the sections were mounted in Immunomount (Shandon, Pittsburgh, Pennsylvania).
Cfu
Bacterial loads in the lung, liver, and spleen of infected mice were evaluated at 1 day, 2 weeks, 4 weeks, and 8 weeks after infection. Organs were weighed, and defined aliquots were homogenized in saline containing 0.04% Tween 80. Ten-fold serial dilutions of organ homogenates were plated in duplicates onto Middlebrook 7H10 agar plates containing 10% OADC (Difco, Detroit, Michigan). Plates were incubated at 37°C for 19 to 21 days and colonies were counted. Data were expressed as mean cfu per organ (n ϭ 4).
Bone Marrow Transplantation
Recipient mice received a lethal total-body irradiation (using a 60 Cobalt source, 10 Gy) prior to the intravenous injection of 2ϫ10 6 fresh, unseparated bone marrow cells as described . The mice were left to fully reconstitute and recover for at least 4 months before being infected with BCG.
Detection of AP in Tissues
AP on frozen tissue sections was performed as reported previously (Kindler, et al, 1989) . In order to quantify the enzymatic activity, fresh livers and spleens (250 mg) were homogenized in 1 ml of 25 mM Tris-HCl (pH 7.4), 10 mM EDTA. AP activity was assessed in supernatants of the homogenates Correction of host resistance to M. bovis BCG in TNF-deficient mice reconstituted with wild-type bone marrow. TNF-deficient and wild-type mice were lethally irradiated (10 Gy) and reconstituted with 2 ϫ 10 6 bone marrow cells. TNF-deficient mice received either wild-type bone marrow (TNF-WTBM, dotted bars) or TNF-deficient bone marrow (TNF-TNFBM, open bars). Wild-type mice received wild-type bone marrow (WT-WTBM, closed bars) as a control. All mice were infected with M. bovis BCG 4 months later. The bacterial load in organs (cfu) was determined at 4 weeks after infection (10 6 BCG bacilli, intravenous) in liver, lung, and spleen. The results are expressed as the mean Ϯ SD (n ϭ 4). (10,000ϫg, 15 minutes) by using sodium nitrite in naphtol-phosphate as substrate, and the reaction was measured after 20 minutes at room temperature at OD570 nm (Barka and Anderson, 1962) .
Bronch-Alveolar Lavage
Control and BCG-infected mice were anaesthetized with a ketamine and xylazine mixture and a plastic 20 gauge cannula was inserted into the trachea. The lungs were lavaged with 0.5 ml of sterile PBS with 0.5 mM EDTA. The BALF supernatant was frozen at Ϫ80°C for detection of chemokines by ELISA.
ELISA Assays for Chemokines
MCP-1 and MIP-1␣ supernatants of BALF were measured by ELISA with a sensitivity of Ͻ 15 pg/ml (Pharmingen; and R&D Systems, Abingdon, United Kingdom).
Statistical Analysis
Statistical evaluation of differences between the experimental groups was determined by the use of the Mann-Whitney U test and the Student's t-tests.
Figure 10.
Recovery of a granulomatous response to M. bovis BCG in TNF-deficient mice reconstituted with wild-type bone marrow. Typical granulomas were formed in TNF-WTBM as in the wild-type controls (WT-WTBM). The TNF-TNFBM reconstituted mice served as a negative control and were unable to form granuloma nor eliminate mycobacteria. A: hematoxylin and eosin (ϫ400) and B: Ziehl Neelsen (ϫ1000).
